Traditionally, accelerated life data processing methods depend on the distribution assumption, which might result in the precision uncertainty of parameter estimation. Therefore, in this paper we propose the accelerated life data processing method based on the quantile regression. By minimizing the absolute value deviation estimate, the estimators of the accelerated model under different quantiles are obtained. Then the corresponding quantile life can be extrapolated under the normal stress. Based on the quantile life, we can derive the reliability function and the corresponding life distribution function of the product. Furthermore, we apply the proposed method to the maintenance strategy of the repairable system. We calculate the optimal preventive maintenance period by minimizing the long-run average cost of the system using the interior-point method. Finally, taking the double-stress accelerated life test of the seal ring as an example, we illustrate the implementation and effectiveness of the proposed method.
INTRODUCTION
With the rapid improvement of science and technology, more and more products are tending to possess the high reliability and long life, which makes it difficult to obtain life data in a short test time. Thus, the conventional life test cannot ensure the enough data for evaluating the reliability of the product within the prescribed time, the accelerated life testing (ALT) is proposed to significantly improve the test efficiency. The ALT means that the product failure data can be efficiently acquired by raising the stress levels to accelerate the degradation of product performance, and we can use the accelerated model to extrapolate the product's life characteristics under the normal stress level [1] . Therefore, ALT has been widely applied to the life estimation.
Generally, the failure data is processed by the statistical analysis method, which mainly involves the life data analysis, distribution hypothesis and hypothesis testing. Furthermore, for the analysis of ALT data, we have to establish the relationship between the life characteristics of the product and its corresponding stress level. Then we can achieve the extrapolation of life characteristics from the high stress level to the normal stress. In practice, although the parameter method can give the explanation of product reliability, there are some problems which cannot be ignored: (1) the product's life distribution form is difficult to determine in some situations. Since the predicted life data relies on the assumed life distribution, which means if the distribution model is not chosen properly, there may be a great deviation [2] ; (2) the estimation precision of distribution parameters is uncertain which might cause some errors in data analysis, [3] - [4] . However, the non-parametric method has weak restriction on the distribution, so it has its own application value in the ALT data processing. The accelerated life data processing based on the quantile regression is constructed from a nonparametric perspective, where the main idea is minimizing the absolute deviation estimate to obtain the parameter estimations of the accelerated model under different quantiles. The proposed method can overcome the problems of heteroscedasticity and the outliers in data, and offer a more comprehensive explanation for the accelerated life data [5] - [6] .
Maintenance strategies are mainly divided into two categories: the preventive maintenance (PM), and the corrective maintenance (CM). Furthermore, PM can be divided into the time-based maintenance (TBM) and the condition-based maintenance (CBM) [7] - [8] . Mostly, TBM is adopted in the case of knowing the system's reliability function, failure rate function or life distribution [9] - [11] . For example, if the life distribution of the repairable system is known, we usually adopt the timing maintenance strategy, which aims to construct a reasonable balance between the life cycle and the maintenance expenses by determining an appropriate preventive maintenance cycle [12] . We aim to apply the quantile regression method in the maintenance strategy.
In this paper, we propose an accelerated life data processing method based on the quantile regression. First, we select the accelerated model according to the failure mechanism. Second, we use the quantile regression to process the life data under different stresses and estimate the model parameters under different quantiles. Then, the life time of the product under normal stress can be extrapolated to obtain the product's life distribution. At last, combining with the timing maintenance model of the repairable system, we solved the optimal preventive maintenance cycle by minimizing the long-run average cost of the system using the interior-point method, which can guide the product's maintenance decisions. The proposed method has been successfully applied to the life data processing and preventative maintenance of the seal ring. The seal ring used in this paper is an important part of Gas Insulated Metal Enclosed Transmission Line (GIL) and Gas Insulated Substation (GIS) to ensure the good sealing at the joint. The double and single O-ring seals are respectively used in GIL and GIS, as shown in Figure 1 . To guarantee the system reliability, it is necessary to study the life prediction and timing replacement of the seal ring.
The rest of the paper is organized as follows. In Section 2, we introduce the basic conception of quantile regression and propose our model on ALT data processing. The maintenance strategy based on quantile prediction is constructed in Section 3. In Section 4, we use a real example of the seal ring to illustrate the implementation of the proposed method. Finally, we give some conclusion remarks and point out a possible direction for future work in Section 5.
QUANTILE REGRESSION MODEL Basic Conception
It is well recognized that the mean regression can illustrate the average change trend of the response variables after giving the explanatory variables. However, the quantile regression is more comprehensive to describe the variation of the locus of conditional random variables. Moreover, the coefficients of the quantile regression are more robust and insensitive to the dependent variable value [13] - [14] . In this case, the quantile regression is highly recommended for lifetime data processing. We present the statistical framework as follows.
Considering a random variable y and its distribution function ( ) ( , the least square method means minimizing the sum of squared errors, and it can be expressed as:
where i y is the sample observation value, ξ is the fitting value. The sample quantile regression needs to minimize the sum of absolute values of the weighted errors:
: :
Given the linear loss function of τ quantile regression:
equation (3) can be denoted by:
Quantile Regression Model Based on Accelerated Model Structure
The accelerated model describes the relationship between life characteristics and stress levels, and the relationship is generally expressed by a nonlinear function which can be transformed into a linear model. To the best of our knowledge, the commonly-used accelerated models include Arrhenius model, Inverse power rate model, Eyring model and Peck model.
In ALT, the stresses are assumed to be independent variables, which are fixed rather than random as opposed to the most previous quantile regression problems, so we need to make some appropriate changes to the quantile regression method, after then it can be applied to the accelerated life test data processing.
In the double-stress ALT with the complete sample, the accelerated model determined by stresses 1 2 , S S can be expressed as can be estimated from:
After obtaining the parameter estimations under different quantiles, we substitute the normal stress into equation (7) to obtain the p quantile of ln L . Then we can obtain the reliability curve of the product by fitting the relevant data.
MAINTENANCE STRATEGY BASED ON QUANTILE PREDICTION
When the life distribution function of the product is known, we usually adopt the timing preventive maintenance strategy. This paper assumes that the preventive maintenance will be performed as long as the accumulated working time reaches the preventive maintenance cycle T . During a preventive maintenance cycle, whether or not the equipment has the corrective maintenance, it should be maintained at the prescribed preventive maintenance time.
Assuming that the preventative maintenance cycle is T , in one cycle, if the product fails at the time of t ( ) t T < , the corrective maintenance should be carried out, where f C is the corrective maintenance cost, ( ) F t be the occurrence probability (the life distribution of the product). The preventive maintenance should be implemented at the time of T , where p C is the preventive maintenance cost, 1 ( )
F T −
is the occurrence probability. Thus, the total cost of preventive maintenance in one cycle can be obtained as
The average working time of a cycle can be given:
where ( ) R t is the product's reliability function, so the maintenance cost per unit time can be derived as:
C F t C F T C T E C T T R t dt
Take the derivative of (11), and let its result equal to 0, then we have
so we can get the equation
where ( ) t λ is the failure rate function.
If 0
T is the only solution for (13) 
CASE STUDY ALT Data Processing and Analysis
For the seal ring, a constant stress accelerated test was carried out, where the temperature and the relative humidity are the accelerated stresses. There are 4 accelerated levels: (70℃,70%RH)，(70℃,90%RH)，(80℃,70%RH)，(80℃,90%RH), and there are 15 samples under each level. Therefore, we can acquire 15 4=60 × life data until all samples fails, as shown in Table 1 . 
where L is the life characteristic parameter ; RH is the relative humidity; T is the temperature, and the unit is K ; , A m are unknown parameters; K is the Boltzman constant, and its value is ; a E is the activation energy.
Transform (14) into the linear form:
combining with test data ,it can be transformed into Substituting the test data and stresses into (16), we can obtain the model parameter estimations under different quantiles. Then we can predict the lifetime of the seal ring under the normal stress. The results are listed in Table 2 . We use ( ) R t to represent the quantile which can be regarded as the reliability, and use t to represent the predicted life. We fit the data ( , ) t R and select the best distribution according to the minimum principle of mean square error (MSE). The Reliability fitting curve is illustrated in figure 2 , and the fitting results are listed in Table 3 . As we can see, the lognormal distribution can be chosen to represent the seal ring's reliability function, and the corresponding parameter estimations are =9.1261
The reliability function can be obtained as:
where ( ) x Φ is the standard normal distribution 
Preventive Maintenance Strategy
As the pioneer of government information disclosure practice, Europe, the United States and Japan has provided a practical experiences for the definition of exemptions information.
This paper provides the timing maintenance and maintenance strategy based on the quantile prediction. According to (11) , we can calculate the maintenance cost per unit time:
Assuming that the cost of repair maintenance is fixed, let
We can obtain the least maintenance cycle 3539.1 T = and the least maintenance cost per unit time ( ( )) 0.0338 E C T = using the interor-point method. In addition, with the increase of maintenance cost, the maintenance time and the maintenance cost both increase, as shown in Table 4 . 
CONCLUSION
In this paper, we propose an accelerated life data processing method based on quantile regression. The product's reliability function can be obtained by the quantile regression method when the life distribution of the product is unknown. Then we apply the proposed method to the timing maintenance strategy of the repairable system. We solve the optimal preventive maintenance period by minimizing the system's long-run average cost. This paper takes the double-stress ALT of the seal ring with the complete sample as an example to carry out the quantile regression method and make the optimal timing maintenance strategy, which can help guide the decision making of timing maintenance policy of the seal ring.
The future research lie in the method and application aspects: (1) we will intend to investigate the quantile regression on the Bayesian perspective to improve the estimation accuracy of the parameters; (2) we aim to apply the quantile regression method to accelerated degradation data processing and study its application on maintenance strategy.
